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Abstract
Mars and upper Earth atmosphere missions are booming in recent years increasing the interest in heat
transfer in rarefied gases. At these low pressures, the heat transfer problems involving small geometries
whose characteristic length is of the order of the mean free path of the gas molecules, raises new difficulties.
This being especially severe in the case of free convection, where the velocity of the gas is closely linked to
the heat transfer problem. Experiments with horizontal wires with diameters of 12.7 µm and 25 µm were
conducted in a tailored vacuum chamber with pressures from 0.03 milibar to ambient pressure, reaching
temperature differences of up to 80 K between the wire and the air. Experimental data is comprised of
Rayleigh numbers from 10−13 to 10−5 that cover a wide range from free molecular flow to continuum
regime. Particularly for the transition regime, with Knudsen numbers ranging between 0.1 and 10, the
experimental data shows that the free convection heat transfer cannot be represented solely as a function
of the Rayleigh number, but a dependence on Knudsen number must be introduced into the correlation
as well. The presented results for the Nusselt number below Rayleigh numbers of 10−8 exhibit a clear
departure from the available correlations in the literature. A new empirical correlation for free convection
from horizontal thin wires from the transition to continuum regime is presented. The present work sheds
light on current thermal engineering problems which involves very thin wires in their systems which interact
with a surrounding environment with a significant level of rarefaction. Systems such as temperature sensors
based on thermocouple wires for Mars atmosphere whose measurements are affected by a low free convection
heat transfer, could benefit from this study gaining a better performance in modelling with a more accurate
estimation of free convection heat transfer.
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1. Introduction
The modelling of heat exchange between a solid system and a rarefied atmosphere is nowadays of great
interest, due mainly to the increasing number of applications. Rarefied gases are found in other planets’
atmospheres (robotic missions to Mars have to deal with this environment [1]), or in the upper layers of the
Earths atmosphere where stratospheric balloons operate [2], as well as in ground experiments performed in
controlled atmospheres [3]. This matter is of special interest in small geometries where the flow may no
longer be in a continuum regime but in a slip flow or transition regime towards the molecular regime [4–6].
This is for instance the case of the very thin wires (with a diameter of about 75 micrometers) used to build
thermocouples to be part of the sensoring systems onboard Mars rovers [7].
In order to correctly model the heat exchange in these particular situations, the heat transfer coefficients
have to be determined from the known correlations, either based on experimental measurements or CFD
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results [8–12]. However, when reviewing the literature, one can see that there is no consensus in the
estimation of convection through a rarefied gas. Furthermore, for very low pressure environments (transition
regime) there is no correlation for thin wires published so far.
For this reason, the aim of this work is to determine the particularities of the heat transfer mechanisms for
very thin wires (with diameters in the order of micrometers) in rarefied atmospheres. In these cases, the wires
interact with the surrounding atmosphere in a slip flow or transition regime towards the molecular regime.
Such regime or rarefaction degree can be determined by means of the Knudsen number, Kn. Although
this fact affects both forced convection [13, 14] and free convection, the present study is focused on the
experimental determination of the free convection coefficient of very thin horizontal wires in a wide range
of Rayleigh numbers, Ra, from 10−13 (molecular regime) to 10−5 (continuum flow). The extension of the
experiments to the already known continuum flow has as its main aim the validation of the experimental
setup and measuring system by comparison of the data here obtained with the results previously obtained
by other researchers.
By studying the related published bibliography, one can find a number of experimental and analytical
correlations to obtain the Nusselt number, Nu, as a function of the Ra for horizontal cylinders or wires [15–
17]. They cover diverse fluid and gases as well as different aspect ratios L/D of the wires. However, the
first finding in this review is the scattering of data, in such a way that there is not a unique correlation that
fits all experimental data, even in the same range of Ra [8, 12]. Moreover, none of them show experimental
values for Ra < 10−10 for horizontal wires. Consequently, the present work covers the gap in the transition
regime. Based on the measurements described in the following sections, an experimental correlation has
been obtained in the entire range 10 > Kn > 0.1. The main difference in the new proposed correlation with
respect to previous works relies on the estimation of Nu as a function, not only of the Ra, but also of the
Kn, achieving an error lower than 10% with experimental data.
This new correlation can be applied in the different scenarios described above: convection heat exchange
of horizontal fine wires in rarefied planetary atmospheres, hot wire anemometry in rarefied gases or strato-
spheric conditions, etc. Furthermore, this study can support thermal design in micro and nano-technology
based on fine wires which operate at high Knudsen numbers [18].
The following sections describe the experimental setup, the measurements, and the correlation obtained,
including the validation of the experimental data with results of previous research works.
2. Experimental setup
The experiments were performed in a vertical cylindrical custom built vacuum chamber, made of acrylic
glass. The external diameter of the cylinder is 300 mm, its height 400 mm and the thickness of the wall
4 mm. It is closed at both ends by means of two flat acrylic plates with a wall thickness of 15 mm. The top
cover is welded using trichloromethane, and additional sealing is achieved by adding Araldite 2004 epoxy
adhesive at the joints. The bottom plate is removable, and the sealing is achieved using an 8 mm rubber
O-ring. This plate has four mechanized openings compatible with standard DN 25 ISO-KF flanges.
One of the openings is used to connect the vacuum pump (Leybold Scrollvac 18). As the pump does
not have the capability of pressure control, the desired vacuum level is achieved by operating the vacuum
chamber with a controlled leakage in the pumping line by means of a needle valve. Once the desired level
of vacuum is achieved, the pumping line is closed and the pressure inside the chamber remains steady. The
pressure is measured using a pressure sensor (Thermovac TTR911) connected to the second opening.
The other two holes are used as electrical feedthroughs. The first one is used to connect the thermocouples
placed inside the chamber with the acquisition system on the outside. Four type-T thermocouples were used
to measure the temperatures of the air far from the wire in its horizontal line, of the supports of the
heated wire and of the chamber’s wall. The second feedthrough is used to connect the DC power supply
to the electrodes for supplying electrical current to the heated wire. A simplified scheme of the described
experimental setup is presented in the Figure 1.
The experiments were performed using alumel wires. Alumel is an alloy with an approximate composition
95% nickel, 2% aluminium, 2% manganese, and 1% silicon. This kind of wires are used as the negative
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Figure 1: Scheme of the vacuum chamber and experimental setup.
conductor of type-K thermocouples. The diameters of the wires used in our experiment were 12.7 µm and
25 µm, with lengths of 61 mm and 64 mm, respectively. In the experimental setup the wires are soldered
to two copper electrodes horizontally. These electrodes have a diameter of 2 mm and are assembled in a
structure support built for the test and placed inside the chamber. The connection to the power source is
made using an electrical feedthrough as mentioned above.
The electrical connections outside the chamber allow the supply of a constant current from a variable DC
current supply to the test assembly, as well as the measuring of the voltage at the entrance of the chamber,
and the electrical current through the wire’s section by means of two Keithley 2000 multimeters. The wiring
of the electrical setup was characterized in order to obtain its electrical resistance.
The values of voltage and electrical current, as well as pressure and temperature were monitored and
recorded in the computer during the experiments using a data acquisition platform (National Instruments
CompactDAQ).
3. Problem statement
3.1. Wire’s temperature
Prior to stating the heat transfer problem, the procedure to determine the wires temperature is described,
as it will be necessary to calculate the heat exchange coefficient between the wire and the surrounding air.
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A wires temperature can be obtained from the known dependence between the electrical resistance of a wire
and its temperature,
Rw = R0[1 + α(Tw − Tw0)], (1)
where Rw and Tw are the electrical resistance and the temperature of the wire, the subscript 0 denotes a
known reference state, and α is the temperature coefficient. This linear approximation is suitable for the
range of the wire’s temperatures used in our experiments which was between 293 and 380 K [19]. The value
of the temperature coefficient of this material in this range was obtained experimentally. The result was
α = 0.0023 K−1, which is in line with the value 0.00239 K−1 provided by the manufacturer, OmegaTM.
For the heat transfer experiments the wire is heated by Joule effect. A set of 95 tests were performed
using the wire with the diameter of 25 µm. The employed pressures were between 0.03 milibar to ambient
pressure, and 7 different current levels were used ranging from 2 up to 38 milliamperes Each experiment was
performed at a constant pressure, and the selected current level was kept constant until the variations of
the temperature difference between the wire and the far away air were below 0.1 K for at least 15 minutes.
Once fulfilled this criterion the steady state is achieved, and the voltage drop between the electrode leads
and the electrical current passing through the wire are measured and used to compute the actual electrical
resistance of the wire. Ultimately, the wire’s mean temperature is obtained by solving the equation (1).
3.2. Theoretical considerations
In order to calculate accurately the heat transfer between a body and the surrounding atmosphere, it is
necessary to solve the Navier-Stokes equations in the medium, which is very expensive in terms of computing
and analytic solutions are feasible only for very simple geometries. In engineering applications this process is
avoided and empirical correlations for the most common configurations are used instead. These correlations
are expressed as a function of the non-dimensional numbers involved in the problem. It is well known that
for a given geometry the natural convection heat rate can be obtained by knowing the value of the Nusselt
number as a function of Rayleigh number, which can be expressed as the product of Grashof and Prandtl
numbers [20], whose product is the Rayleigh number, Ra = GrPr. Whilst the value of Pr is almost constant
and near 0.7 for air in the range of interest, the behaviour of Nusselt can be described properly either by
using the Rayleigh or Grashof number.
For the case of a slender enough horizontal cylinder of length L, and diameter D, (L/D  1), the
representative dimension of the problem is its diameter, thus it is the magnitude to be used in the expressions
of the non-dimensional numbers. Insofar the Nusselt number is
NuD =
hD
k
, (2)
where h is the mean convection heat transfer coefficient. It does not account for azimuthal angle with respect
to the vertical plane or for longitudinal variations. The convection coefficient is calculated using the heat
rate loss by convection from the wire for a given temperature difference,
h =
qconv
piDL∆T
. (3)
The value of h varies significantly with the diameter of the wire, thus for very thin wires it can reach values
up to 800 W/m2K.
The Grashof number is defined as
Gr =
gβ∆TD3
ν2
, (4)
where β is the coefficient of thermal expansion, which for the ideal gas hypothesis is β = T−1 [20], ν is
the kinematic viscosity, and k the thermal conductivity of the air. These three magnitudes are temperature
dependent and are evaluated at the average temperature of the air and the wire, or film temperature, defined
as Tf = 0.5(Tw + T∞).
It is important to note that for the characteristics of the wires used, and with temperature differences
of about 10 K, the Grashof number is estimated to be in the order of 10−5. Reducing the pressure in the
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Table 1: Correlations
Correlation Validity range Reference
2
NuD
= 1.627− 0.86 log10 Ra 10−10 < Ra < 10−2 Collis and Williams [21]
2
NuD
= ln
(
1.0 +
7.09
Ra0.37
)
10−7 < Ra < 101.5 Kyte et al. [8]
2
NuD
= ln
(
1.0 +
3.3
C(Pr)Ran
)
C(Pr) = 0.671/
{
1 + (0.492/Pr)9/16
}4/9
n = 0.25 + 1.0/(10 + 5Ra0.175)
10−8 < Ra < 106 Fujii et al. [12]
vacuum chamber to obtain rarefied atmospheres decreases this value even more, as the Grashof number is
directly proportional to the square of the density. Whereas for Grashof values significantly higher than this
case there are lot of correlations available in the literature, for very thin wires there are very few. The most
representative ones proposed by Collis and Williams [21], Kyte et al. [8] and Fujii et al. [12] for the range of
Grashof numbers of interest in this paper are presented in Table 1.
3.3. Heat transfer estimation
When the steady state conditions are attained, the electrical power supplied to the wire, qJ, is lost by
convection, qconv, conduction, qcond, and radiation, qrad. Therefore, the convective heat flow can be obtained
from
qconv = qJ − qcond − qrad. (5)
The power supplied to the wire, qJ, can be modelled with a simple electrical circuit constituted by two
series mounted electrical resistors: the wire resistance, Rw, and the auxiliary wiring electrical resistance,
Rc. This last resistance is constant for all the experiments, thus qJ can be calculated from the voltage,V ,
and current, I, measured at the entrance of the vacuum chamber. It can be written as
qJ = V I −RcI2. (6)
In several experimental works [8, 9, 22], the heat losses by conduction to the supports of the wire are
assumed to be negligible. This is acceptable for pressures close to the atmospheric pressure. However,
the relative importance of the conductive losses increases as the pressure decreases. In order to reduce the
potential errors caused by neglecting these losses, the solution of the one-dimensional heat-conduction model
of the wire, assuming an average heat transfer coefficient, is used [20]. The conduction losses in this model
are
qcond =
qJ tanh(Λ
√
Bi)
Λ
√
Bi
, (7)
where Bi is the Biot number and Λ is the aspect ratio of the wire, L/D. The Biot number can be expressed
as the product between the Nusselt number and the air and wire’s conductivities ratio, Bi = NuD(k/kw).
The calculations show that the losses are lower than the 3% of the applied electrical power for pressures
above 10 mbar, but rapidly increase up to 8% when the pressure decreases further. This value is similar to
the one calculated by Milano [22], whose 3D model showed losses up to 6% of the total dissipated heat.
The thermal radiation losses are estimated using
qrad = εpiDLσ(T
4
w − T 4c ), (8)
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Table 2: Summary of values of experimental parameters
Variable Value
Wire diameter 12.7 µm, 25 µm
Wire length 61 mm, 64 mm
Chamber pressure 0.03 to 942 mbar
Supplied power 0.4 to 145 mW
Wire’s temperature 296 to 371 K
where σ is the Stefan-Boltzmann constant and ε is the wire’s infrared emissivity, which is assumed to be
0.08 [23]. The maximum value of the thermal radiation losses was lower than the 2% of the total electrical
power dissipated by the wire.
Once the convective heat rate has been calculated from equation (5),the average convection heat transfer
coefficient h is obtained from equation (3).
4. Experimental procedure
More than 200 tests were performed to check the repeatability of the experiment. A summary of the
values used is shown in Table 2.
Experiments using the 25 µm diameter wire were performed in the first place. Due to the lack of data
in the range of Grashof numbers of present interest, it would not be possible to compare our results with
other author’s, except for some experimental points located in [22]. For this reason, more experiments were
performed using the 12.7 µm wire to validate the correlation obtained from the results of the 25 µm wire.
Every experimental case was run at constant preselected pressures, ranging from 0.03 to 942 mbar. The
wire was supplied with electrical power from the DC power source at constant current mode until the steady
state was achieved.
For every experimental run the temperature of the wire is calculated using equation (1). Then film
temperature, Tf , is obtained, and the density is calculated using the ideal gas equation. Next, the viscosity,
µ, as well as the gas thermal conductivity, k, are obtained from tabulated data [24]. Afterwards, the Rayleigh
number of each run is calculated using the Grashof number, equation (4), and the Prandtl number defined
as Pr = µcp/k.
Once all the parameters are calculated, the heat rate supplied to the wire is calculated using equation (6).
Radiation losses are estimated using equation (8), where all the variables are known. For the estimation of
conduction losses to the wire’s supports, the value of NuD is needed. At this point, this value is not known
so an iterative process is used starting with a typical value of Nusselt number for thin wires, NuD = 0.3.
With this estimation and the balance equation (5) the convective heat rate is calculated, which gives the
value of the Nusselt number using equations (3) and (2). Since this is not the actual value, it is used as
a new input for the estimation of the conduction losses. The process is considered to converge when the
difference between the two Nusselt numbers is less than 0.1%. It has converged in most cases in less than
five iterations.
For the estimation of the uncertainty in the values of the Nusselt number, the absolute error introduced
by measuring the air’s temperature using a thermocouple is estimated at 1 K. The wire’s length measurement
introduces an error of 1 mm. Whereas, for the values of I and V conservative values of the relative errors
of 1% and 0.1% are used respectively. The relative error is 0.2% for Rc determination. All the errors
propagate to the total uncertainty for the Nusselt number, which is calculated to be below 3% following the
methodology described by Beckwith et al. [25].
5. Results and discussion
The results of NuD and Ra for horizontal wires of diameters 12.7 µm and 25 µm are presented in the
graph shown in Figure 2. In the same graph the correlations available presented in Table 1 are also plotted.
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The experimental results for Rayleigh numbers higher than 10−8 are in good agreement with the correlations,
even if there are differences in the estimations of NuD between authors up to 10%.
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Figure 2: Experimental results of the Nusselt number as a function of Rayleigh number. The results are compared with
available correlations: Fujii et al. [12](solid), Collis and Williams [21](dashed) and Kyte et al. [8](dash-dotted).
Out of the application range of the mentioned correlations, an abrupt drop of the Nusselt number is
noticed at Ra below 10−8. The same behaviour in this region, where the effects of rarefied atmosphere are
noticed, was pointed out by Kyte et al. [8] in their experiments with vertical wires. It can be observed
that for these points the Rayleigh number is no longer enough to describe the behaviour because these
experimental points cannot collapse over a continuum curve as the ones in the range of Rayleigh higher
than 10−8. In the range of Ra between 10−12 and 10−8, each cluster of experimental points obtained at the
same pressure level seem to form a curve. The curves corresponding to a constant pressure do not overlap
if different wire diameters are used. Although, as it is shown Figure 3 where the mentioned range of Ra
from Figure 2 is zoomed in, some of the clusters are formed by experimental results of both wire’s diameter,
12.7 µm and 25 µm. An in depth analysis of this behaviour, exposed that the mentioned clusters of points
correspond to constant values of the product between pressure and wire’s diameter. This conclusion suggests
that in this region, the pressure and wire’s diameter are needed independently from the Rayleigh number,
in order to describe the heat transfer problem. As explained later, the product of these variables can be
replaced by a non-dimensional parameter, the Knudsen number.
For Rayleigh numbers below 10−12 the experimental data seem to approach asymptotically to NuD = 0
(Figure 2). Values of Nusselt number as small as 0.005 are reached. However, the heat transfer for this
range of Rayleigh is dominated by free molecular conduction [5] and its analysis is beyond the scope of this
experimental work.
As the experiments were carried out in rarefied atmospheres, the Knudsen number can be introduced as
7
10−12 10−11 10−10 10−9 10−8
Ra
0.00
0.05
0.10
0.15
0.20
0.25
Nu
D
A
B
C D
E
25 μm
12.7 μm
Figure 3: Experimental results of the Nusselt number as a function of Rayleigh number in the range 10−12 < Ra < 10−8.
Green lines approximately represent constant values of pD for every cluster of experimental points. Clusters A, B, C, D and
E are formed by experimental results for both wire’s diameter, 12.7 µm and 25 µm. The available correlations are plotted:
Fujii et al. [12](solid), Collis and Williams [21](dashed) and Kyte et al. [8](dash-dotted).
a new variable that has an influence on the Nusselt number. The Knudsen number is defined as the relation
between the mean free path of molecules, λ, and the characteristic length scale of the problem, the wire’s
diameter in this case, Kn = λ/D. The mean free path of molecules is
λ =
µ
√
2piRgTf
2p
,
where Rg = 287 J/(kgK) is the specific gas constant of air, µ is its viscosity, and Tf and p are the experimental
values of film temperature and pressure respectively [13]. In Figure 4 the behaviour of the Nusselt number
with the Knudsen number is presented. In this graph the 4 regimes described by Springer [5] are well defined:
• Continuum: Kn < 0.01,
• Slip flow: 0.01 < Kn < 0.1,
• Transition: 0.1 < Kn < 10,
• Free molecule: Kn > 10,
although these limits are merely approximate. The described regimes are also presented in Figure 2, where
the dependency of experimental points on Kn is not obvious.
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Figure 4: Experimental results of the Nusselt number as a function of Knudsen number. The detailed view shows clusters of
experimental points aligned with non-parallel straight lines, indicating a dependency of NuD with another parameter different
from Kn in the transition regime. These straight lines approximately represent constant values of pD for every cluster of
experimental points.
The pattern of the data shown in the Figure 4 suggests that there are three trends that can be dis-
tinguished. A low Nusselt zone (NuD < 0.05) for Kn > 5 corresponding to the free molecule regime, a
transitional zone, and a high Nusselt number (NuD > 0.25) zone. For the highest values of Nusselt the
difference between continuum regime and slip flow regime is imperceptible. Indeed as it is shown in the
graph in the Figure 2, the experimental points in continuum and slip flow are in good agreement with the
correlations presented in Table 1. So, even if physically there are two different regimes, there is no need to
look up for a correlation for each zone. It is also patent that the slip flow regime could be extended up to
Kn ≈ 0.2. In this range of Kn it is evident too that for a given value of Kn there is more than one value
of NuD aligned vertically, which is an indication that here the dependence of the Nusselt number with the
Knudsen number must be negligible. Thus, the Rayleigh number is enough to describe the heat transfer
process in this range.
Finally the zone with a different behaviour from the other two identified above is the transitional zone,
for Knudsen numbers between 0.2 and 5. Here, the experimental points seem to collapse on a single curve,
which would indicate a one-to-one correspondence between Kn and NuD. However, as it is shown in the
detailed view in Figure 4, this is inaccurate. Actually, different clusters of experimental points are aligned
with non-parallel straight lines. Each straight line corresponds with a constant value of the product between
pressures and wire’s diameter. This behaviour clearly suggests that there is at least one parameter apart
from the Knudsen number that describes the heat transfer, namely the Rayleigh number.
Taking into account that the boundaries for the different regimes are not clearly defined, we will use the
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same limits proposed by Springer [5], bearing in mind that for free convection heat transfer correlations the
separation between continuum and slip flows is not important.
6. Correlation
The main goal of the presented work is to find a way to predict the heat losses from very fine wires
in rarefied atmospheres, similar to the Mars atmosphere. This particular condition is outside the pure
molecular regime of heat conduction and belongs to the range integrated by the slip flow and transition
regime. Thus, the applicability range of the sought correlation will be in the range of Knudsen numbers
below 10.
As it was mentioned in the previous section, there is no noticeable difference in the Nusselt number
trend between the continuum and the slip flow regimes. Conversely, in the transition regime the trend is
remarkably different and in addition, the inclusion of the Knudsen number is needed to characterize the
heat flow.
In order to specify which form of the expression that correlates the Nusselt number with the other non-
dimensional parameters involved in the problem would be, a hypothetical case without gravity is used. The
wire is modelled as an infinite cylinder of diameter D. In this virtual situation all the heat power is lost
by pure conduction from the heated wire to the surrounding gas. This simple problem is solvable only if a
boundary condition is given such as a known temperature at a fixed distance from the wire. Let’s suppose
that the diameter of this boundary is Db and its temperature is the far away temperature, the same as in
the original convection problem, T∞. The solution is trivial and the heat loss rate per unit of length from
the wire would be
q′ = 2pik
Tw − T∞
ln(Db/D)
. (9)
Consequently, the following equation can be used to calculate the Nusselt number:
2
NuD
= ln(Db/D). (10)
In the original problem, a motion in the gas arises due to the presence of gravity and the density
variations within the gas. Hence, the hypothetical cylindrical boundary with a given diameter and at a
constant temperature cannot exist. The actual shape of the isotherm T∞ will be strongly related to the flow
structure around the wire. In other words, this boundary will be a function of Ra for the continuum and
slip flow regimes and of Ra combined with Kn for the transition regime. Therefore, the sought correlations
will have the form
2
NuD,t
= Ψt(Ra,Kn) (11)
for the transition regime, and the form
2
NuD,c
= Ψc(Ra) (12)
for Knudsen numbers lower than 0.1. Evidently, Ψt and Ψc are non-dimensional functions and, as seen in
equation (10), the natural logarithm is advisable to be used.
Bearing in mind the discussion above, for the continuum regime the sought correlation will have a form
similar to the one proposed by Collis and Williams [21],
2
NuD,c
= Ac +Bc ln(Ra). (13)
The constants Ac and Bc are calculated from experimental data by plotting the Nusselt values for Kn < 0.1
versus the ln(Ra) and using the least mean square method for the fitting. The obtained values are Ac = 2
and Bc = −0.34. As can be observed in table 1, these coefficients are similar to the ones proposed by Collis
and Williams [21].
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As has been mentioned, for the characterization of the Nusselt number in the transition regime the
introduction of the Knudsen number is advisable in the sought correlation. In this regime the mean free
path of the molecules begins to be comparable to the wire diameter itself. We decided to use for the definition
of non-dimensional parameters the modified diameter used by Kyte et al. [8], Dm = D + 2λ. It is trivial to
relate this diameter with the Knudsen number using the expression Dm = D(1 + 2Kn), whilst Kn = λ/D.
It is reasonable to use the modified diameter as a characteristic dimension of the problem, insomuch as in
the region between the wire’s wall and the distance λ from the wall, where there are few collisions between
gas molecules and the local thermodynamic equilibrium is not attained. Thus, it can be supposed that the
temperature at a distance λ from the wire’s wall will be in close proximity to Tw. In this case, the modified
Grashof number is defined using a wire with a diameter Dm whose wall is at a temperature Tw,
Grm =
gβ(Tw − T∞)D3m
ν2
=
gβ(Tw − T∞)D3(1 + 2Kn)3
ν2
, (14)
thus the modified Grashof number will be
Grm = Gr(1 + 2Kn)
3. (15)
Finally, the modified Grashof number, which would be the actual one in the described flow configuration in
the vicinity of the wire, can be replaced by the product between the Grashof based in the actual diameter
of the wire and a simple function of the Knudsen number.
Using the same process for the Nusselt number the modified value can be expressed as follows
NuD,m =
hDm
k
=
hD
k
(1 + 2Kn) = NuD,t(1 + 2Kn). (16)
Therefore, the modified Nusselt number can be expressed as the product between the transitional Nusselt
number and a function of the Knudsen.
The experimental values of 2/NuD are plotted versus ln[Ra(1 + 2Kn)
3]/(1 + 2Kn) in Figure 5, and a
completely different trend is observed between the continuum and the transition regimes. In the continuum
regime Kn is very small, thus
ln[Ra(1 + 2Kn)3]
(1 + 2Kn)
→ ln(Ra),
and the correlation for the continuum regime from equation (13) is recovered. The presented experimental
points for continuum regime collapse on a straight line as explained above. The experimental points for
transition regime have the opposite trend, as their values are increasing for increasing values of horizontal
axis. The curve formed by the points seems to approach a rectangular hyperbola. Thus, the correlation
proposed for the transition regime is of the form
2
NuD,t
= At +Bt
(1 + 2Kn)
ln[Ra(1 + 2Kn)3]
, (17)
The constants for correlation presented in equation (17) are also obtained from adjusting the experimental
data by least mean squares, and their values are At = 4.5 and Bt = −60.7. The proposed correlation is
valid only in the range 0.1 < Kn < 10. In Figure 6 the experimental data are presented together with the
values of the Nusselt number calculated using the correlation of equation (17) and it can be observed that
the relative error, defined as
ε =
NuD,exp −NuD,corr
NuD,corr
, (18)
is small, indeed for all experimental points this error is below 6%.
Using both proposed correlations, the Nusselt number for very thin wires can be calculated up to a
maximum Knudsen number equal to 10. However, the switch between the correlations is not well-defined,
and depending on the problem a sharp change in the Nusselt number can show up if the only changing
11
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Figure 5: Experimental results of 2/NuD for the 25 µm wire are plotted against a function of Ra and Kn. The different
behaviour between continuum and transition regimes is exposed.
criterion between the two regimes is the value of the Knudsen number. For the purpose of achieving a better
approximation, it is proposed the utilization of the logistic function with the form
L = 1
1 + exp
(
−Kn− 0.2
0.01
) . (19)
Therefore the complete correlation using the logistic function is
2
NuD
= L
(
4.5− 60.7 (1 + 2Kn)
ln[Ra(1 + 2Kn)3]
)
+ (1− L)[2− 0.34 ln(Ra)]. (20)
Its validity range is 10−12 < Ra < 1 and Kn < 10.
With regard to the validity range of the Rayleigh number, in principle, based on our data, the validity
of the correlation would be just for Rayleigh numbers below 10−4. However, it has been verified that the
Nusselt number calculated using equation (13) is between the values obtained using correlations [8] and [12]
up to Rayleigh numbers above unity. This allows for the expansion of the validity range of the equation (20)
up to that point Ra < 1. In addition, the validity range can be extensively increased by replacing our
correlation for the continuum regime with the correlation proposed by Fujii et al. [12]. In this case, as stated
by the cited authors, the validity range would be 10−12 < Ra < 106, although the Knudsen number would
remain below 10.
The presented correlation was obtained from experimental data of the 25 µm wire. The lack of experi-
mental data for very fine wires in rarefied atmospheres, makes it difficult to validate of the correlations by
12
comparing with other authors. For the purpose of its validation, several experiments with the 12.7 µm wire
were carried out. The final results were obtained using the same process explained in section 3. Finally,
the Nusselt numbers obtained experimentally are plotted against the ones predicted by the proposed corre-
lation in Figure 7. In this graph, for a given pair of experimental values of Ra and Kn, a NuDexp is known
and a NuDcorr is calculated using correlation (20). These two values are the coordinates of the point in
the presented graph. The diagonal of the graph corresponds to a perfect match between experiments and
correlation, and the parallel lines at both sides of the diagonal mark the relative error of ±10% between
them. Experimental results for a copper wire with a 155 µm diameter extracted from [22], which contains
data for the transition regime, are included. The maximum relative error for all the points is less than 10%,
which denotes that the correlation presented in equation (20) is in good agreement with the experimental
data.
7. Conclusions
An experimental study of free convection in rarefied gases over very thin horizontal wires is presented.
The experiments were conducted in a vacuum chamber filled with air between pressures from 0.03 mbar to
ambient pressure, using alumel specimen wires with diameters of 12.7 µm and 25 µm, and aspect ratio L/D
of 5040 and 2440 respectively. The estimation of free convection on the wire accounts for thermal radiation
and heat conduction losses to the wire’s supports. The obtained values of dimensionless parameters, NuD
and Ra, are in accordance with the correlations published in the literature for slip flow and continuum
regimes. In transition regime, a noticeable change in the trend of NuD as a function of Ra is evidenced
in comparison with the cases of slip flow and continuum regimes, characterised by a remarkable reduction
in Nusselt number. Moreover, a particular behaviour observed in transition regime indicates the need to
include Kn in the correlation apart from the usual dependence of Ra. Using the data from the 25 µm wire
a new correlation, which covers the range from transition to continuum regimes for Kn < 10 and Rayleigh
values 10−12 < Ra < 1 is proposed. The correlation is validated using data from the 12.7 µm wire and
from a 155 µm wire published by Milano [22], which include experimental data for transition regime. This
correlation could be applicable for very thin horizontal wires (with diameters in the order of micrometers)
in rarefied gases such as Mars surface atmosphere or other low pressure problems.
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Figure 6: (Top)Experimental and calculated values of NuD as a function of Ra in the range 10
−12 < Ra < 10−8 for the 25 µm
diameter wire. Red dashed lines represent approximately constant values of supplied electrical power to the wire: 1.8, 3.8, 11.1
and 19.6 mW. Increasing values indicated by red arrow.(Bottom)The relative error between the experimental and calculated
values presented above calculated as indicated in equation (18).
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Figure 7: Comparison between experimental data and calculated values of NuD using the correlation proposed in equation (20).
For a given pair of experimental values of Ra and Kn, a NuDexp is known (vertical axis) and a NuDcorr is calculated (horizontal
axis). These two values are the coordinates of the point in the presented graph. The diagonal of the graph (dashed line)
corresponds to a perfect match between experiments and correlation, and the two solid lines mark the relative error of ±10%
between them. Data for the 155 µm wire are extracted from [22].
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